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Abstract 
The current paper presents a study of the effect of equatorial-facing façade design on energy 
performance of multi-story buildings. Façade surfaces are assumed to be in the form of curtain walls, 
allowing for freedom in the design of surface geometry. The design parameters that are investigated 
include geometrical aspects, solar technologies integrated in the facades and the surface ratio and 
positioning of windows. The study is carried out for Montréal area (45° N). Preliminary results indicate 
that some designs are significantly more advantageous than a flat south facing façade. Electricity 
generation of PV system integrated in 50% of the surface of a façade shaped as folded platecan be 
increased by up to 56% as compared to theflat south facing façade, which serves as reference. When PV 
coverage is increased to 2/3 of the façade surface area, electricity generation can reach a factor of 2.8 of 
the reference.Heating and cooling loads are affected as well by the design. The increase of heating load 
can be mitigated by increasing the transparency of PV panels.The design of folded plates can affect 
daylighting level and distribution. While the total useful daylighting hours are not significantly 
compromised, for some configurations, the number of hours with large illuminanceis significantly 
reduced, as compared to the reference case.  
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1. Introduction 
Compact urban development with vertical zoning offers an efficient high-densitydesign. These forms 
of development require less land, increase energy saving on space heating and cooling and help in 
reducing infrastructure demand, as compared to low density, spread development [1]. However, roof and 
façade surfaces available in conventional multi-story buildings for integration of solar collector systems 
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are restricted [2]. Multistory buildings have inherently limited roof area per overall occupied floor area. 
This implies that the energy generated by roof- integrated PV systems would cover only a small fraction 
of energy consumption of these buildings. Moreover, electricity generation by PV systems integrated in 
equatorial-facing facades is reduced by up to 40% as compared to an equatorial facing roof surface with 
an optimal tilt angle. The optimal tilt angle is generally equal to the latitude (latitude -15o for summer, and 
latitude +15o for winter)[3, 4].  
Increasing electrical generation and solar potential of tall buildings can therefore be attained by 
manipulation of the geometry and other design features of the facades, subject to visual and functional 
constraints, such as window design and positioning. A curtain wall system represents an efficient way to 
integrate photovoltaic modules. Photovoltaic curtain wall may offeradvantages including reducing 
temperature rise of wall surface and consequently the heat-exchange between outdoor and indoor [5], 
offering sun-shading by utilizing semi-transparent photovoltaic panels, and can be utilised for aesthetic 
effects. 
Distribution of the vision portion of the facade with respect to the opaque portion, where PV systems 
can be integrated, should be optimized fromthe early design stages. Semitransparent PV (STPV) options 
can be a good compromise that offers a degree of light transmission in addition to electricity generation. 
By adjusting the distance between solar PV cells, it is possible to regulate the light transmission, and 
consequently the level of shading inside the building. Provision of adequate levels of daylight is 
considered beneficial for the well-being and productivity of occupants [6], andcan significantly affect 
artificial lighting,and thus reduceenergy consumption [7, 8]. Excess of high levels of daylight 
illuminance(>2500 lux on the workplane) should be avoideddue topotential visualdiscomfort and the 
riskof overheating. 
The objective of this study is to analyze the effect of manipulating the design of curtain wall façades 
in multistory buildings on energy performance and on the level and spatial distribution of daylighting. 
This study is expected to contribute to improved energy efficiency and energy generation of tall 
buildings. 
2. Design Approach 
The current study investigates a number of design options of an equatorial- facing curtain wall façade 
(south facing in the northern hemisphere) on the energy performance of a single south facing apartment 
within a mid-rise apartment building (see Fig. 2). While construction details of the facades are not 
elaborated, curtain wall construction is assumed to facilitate flexibility of geometric design. 
The apartment is designed to be energy efficient (wall and roof insulation of 7RSI and 10RSI, 
respectively; triple glaze, low-e argon fill windows(SHGC=0.57, Visible transmittance =0.65), and 
airtight construction) and to conform to passive solar design principles. The basic design of the units 
relies on passive solar design principles [9].  All apartments in the buildings are designed with a ratio of 
the south façade to the perpendicular façade of about 1.3. This ratio falls within the optimal range that 
maximizes passive solar gains in winter, for the south facing apartments,without compromising cooling 
loads. Heating and cooling energy consumptionare computed assuming a heat pump with coefficient of 
performance (COP) of 4 [10].An intelligent shading control is considered: Interior blinds (reflectance of 
0.69) are assumed to be shut when the indoor air temperature exceeds 22°C, throughout the cooling 
season. 
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2.1 Parametric Investigation 
The design options whose effects are analyzed include variations on the basic geometry of the façade, 
the type of solar technology integrated in the proposed design of the curtain wall façades and the 
positioningand size of the vision portion.  
Investigated façade geometries include, in addition to flat, planar surface, which serves as reference, 
folded plates with different orientations and tilt angles of the panels. The basic folded plate unit is shown 
in Figure 1 and its implementation over the top 2 stories of a 6 story apartment building is shown in 
Figure 2.The basic unit is composed of 4 plates, the upper plates (UP) are used to integrate the PV 
systems, while the lower plates (LP) comprise the vision part. The orientation angle of a surface, relative 
to south, can be defined as the angle between south and the projection on a horizontal plane of the normal 
to this surface. Tilt angle of a surface is the angle between the normal to this surface and a vertical axis.  
Two combinations of tilt and orientation angles are investigatedin this study. The first set of 
configurations combines atilt angle of 70° and orientation of 15° east or west of south, and the second set 
combines a tilt angle of 60° and orientation angles of 20°. It should be mentioned that, within a folded 
plate unit, the plates are symmetrically oriented toward east and west ofsouth. 
Two main designs of folded plates are investigated: symmetric and asymmetric. In 
symmetricconfigurations, upper plates (UP) and the lower plates (LU) haveequal surface area (Fig. 1b). In 
the asymmetric configuration, the upper plates are twice as large as the lower plates (Fig. 1a). The 
configurations are represented by the letter S-C or AS-C to indicatewhether they are symmetric or 
asymmetric,followed by a pairof numbers indicating the tilt and orientation angles, respectively.Basic 
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Figure 1, Folded plate module of 60o tilt and 20° orientation: (a) Asymmetric design (AS-C (60, 20)); (b) Symmetric design (S-C 
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folded units in this study are assumed to cover the south façade of a single apartment. This position can 
be shifted according to needs, to have for instance the glazing in the middle section of the façade.  
In addition to the effect of façade surface geometry, the effect of varying the proportion of 
transparent to opaque areas of façade surface is investigated. Position of the vision part (transparent 
section) is expected to affect light distribution within the lighting zone of the apartment. This effect is 
investigated by comparing configuration in which the windows are located on the bottom part of the UP 
(20 cm from the joint between UP and LP) and on the top of the UP (40 cm from the top of the 
plates)(Fig. 1, c and d). These transparent sections constitute 20% of the area of the UP, in S-C and AS-C 
configurations. 
Figure 2, Six-story apartment block: (a) illustration of the reference apartment; (b) planview; (c) Illustration of the building with a 
folded plate curtain wall. 
Solar technology aspects include the integration of PV systems and semitransparent PV (STPV). 
STPV with transparency of 10%, 20% and 30% are analyzed. The effect of STPV on light distribution is 
not analyzed in this study.The characteristics of all configurations are shown in Table 1. The size of the 
vision part of this folded plates design is expressed as percentage of the corresponding plates, while the 
PV and the STPV size is expressed as percentage of the overall façade.The configurations of Table 1 are 
investigated for (70°, 15°) and for (60°, 20°) tilt/orientation of the plates. 
Table 1, Parameter combinations of studied the configurations 
 
Description  
Configuration Glazing PV 
 Ratio to 
facade 
STPV 
Lower plates-LP Upper plates-UP Ratio to 
facade Transparency Ratio to LP Position Ratio to UP 
Symmetric 
folded plates  
S-C1 90% - 50% - - 
S-C2 90% (see STPV) - 50% 10% 
S-C3 90% (see STPV) - 50% 20% 
S-C4 90% (see STPV) - 50% 30% 
S-C5 90% Top 20% 40% - - 
S-C6 90% Bottom 20% 40% - 
 
Asymmetric 
folded plates 
AS-C1 90%  - 70% - - 
AS-C2 90% (see STPV) - 70% 10% 
AS-C3 90% (see STPV) - 70% 20% 
AS-C4 90% (see STPV) - 70% 30% 
AS-C5 90% Top 20% 56% - - 
AS-C6 90% Bottom 20% 56% - 
  
Reference 
case 
Studied case 
(a) 
(c) (b) 
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The response variables are heating and cooling loads, energy generation and daylighting illuminance 
and its spatial distribution.  Effects are measured by comparing the results to the reference design. The 
reference is a vertical south-facing surface with a PV system assumed to cover 50% of surface area. 
2.2 Simulations 
Simulations employing the EnergyPlus software [11] are performed to assess values of the response 
variables. Geometric data of investigated configurations needed for the simulations are generated by 
Google Scketchup [12]. The weather data for Montreal, Canada (45°N) is employed to represent a 
northern mid-latitude climate zone. Two design days, winter design day (WDD) and summer design day 
(SDD) are employed in the simulations to represent winter and summer climatic conditions. Design days 
are used to study daylighting levels and its space distribution. Additionally, a whole year weather data set 
is used to estimate annual electricity generation of the PV system installed on near south-facing façade 
surfaces, as well as energy demand for heating and cooling of the apartment unit, and the number of 
yearly hours of useful daylighting (see below for more details).  
The TRNSYS PV model (or equivalent one-diode model) provided by EnergyPlus is employed in 
electricity generation simulations of the BIPV systems with approximately 12.5% efficiency, under 
standard conditions. 
Daylighting:Daylight analysis is performed to enable general comparison between design options. In 
practice, for design purposes a more detailed daylighting model that integrates advanced shadingsuch as 
reflective venetian blinds over each section and glare control would be advisable. 
The evaluation of daylighting is based on an analysis of hourlyilluminance values across the 
workplane – an imaginary horizontal plane situated at the working height (0.8m from the floor). These 
predictions are used to evaluatethe overall daylighting potential of the design options and the daylight 
distribution.Daylight illuminance values are computed at approximately 100 points evenly distributed 
over the workplane. The analysis of the illuminance values, obtained from the simulations, isbased on the 
useful daylight illuminance (UDI) scheme [13, 14]. The UDI describes the annual occurrence of 
illuminances considered as “useful" by occupants. Theseilluminance values are based on surveys carried 
mainly on office buildings. For residential buildings a higher upper limit for UDI (up to 2500 lux) is 
suggested. 
In this study the UDI values,determined at each calculation point,are divided into three ranges 
defined as follows:  
x UDI supplementary (or UDI-s): The illuminance levels range between 300 and 500 lux. These 
levels of illuminance may require additional artificial lighting to supplement daylight for 
common task.In this project the lower limit in this scheme is assumed at 300 lux. 
x UDI autonomous (or UDI-a):The illuminance levels range between 500 lux and 2500 lux. This 
categoryrepresents occurrence of daylight where no additional artificial lighting isneeded. 
x UDI exceeded (or UDI-e): Theilluminance levels are greater than 2500 lux. 
Moderate occurrence of illuminances greater than 2500 luxmay be beneficial, and therefore it should not 
be excluded altogether. Careful attention should be paid to the degree of occurrence of the UDI-e metric 
[15]. 
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Analysis of Results 
3.1. Energy Performance 
Effects of key design parameters of the curtain wall facade on energy consumption(heating and 
cooling load) and on energy generationare assessed by comparison to the reference case (apartment with 
flat façade). Results are presented in Figure 2. The main effects are highlighted below. 
 The results for configurations C (70°, 15°) indicate that the heating load is increased by a maximum 
of 12% for the UP (S-C1 (70°,15°))configuration,  but it decreases by 6% for S-C4, wheresemi-
transparent PVwith 30%  transparency is employed(Refer to Table 1for details of configurations). The 
increase in heating load is related to the percentage of the vision sections (or transparency) within the 
façade and therefore the amountof passive solar heat gain. 
Asymmetric configurations show the same pattern.PV panels coveringthe total area of the UPs 
increase heating load by up to 45%. Employing STPV decreases this load. Configurations with 
tilt/orientation60°/ 20°demonstrate asimilar behavior; however heating loads are generally larger in the 
symmetric configurations while cooling loads are lower by up to 50%. Results are shown in the graphs of 
Figure 3 for the configurations (70°, 15°) and (60°, 20°). 
The energy generation of all configurations of folded plates significantly counterbalances the 
increase in energy consumption for heating. Energy generation is considerably higher for the folded plate 
curtain wall design, than for the reference south façade covered by 50% of PV. For instance, S-C1 (70°, 
15°) produces 56% more electricity than the reference case, while configuration S-C1 (60°, 20°) produces 
230% electricity as compared to the reference case. Electricity generation of asymmetric configurations 
issignificantly higher,by up to 250% for AS-C(70°, 15°) and up to 280% for AS-C(60°, 20°). These 
configurations are advantageous also with the use of STPV of 20% or 30% transparency. For instance 
AS-C3(60°, 20°) and AS-C4(60°, 20°) generate 224% and 196% electricity, respectively, relative to the 
reference case. 
 
(a)   (b) 
Figure 3, Energy performance of different configurations relative to the reference case: (a) Configurations (70°, 15°);(b) 
Configurations (60°, 20°). 
3.2. Daylighting 
Illuminance levels 
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The illuminance level (in units of lux)iscomputed at 100 points evenly distributed over the work 
plane.  Analysis of daylighting level is conducted for two reference points, the first reference is in the 
middle of the zone (at 4.5 m distance from the south façade),while the second point is at the back of the 
zone (9 m deep). The results in the two reference points are represented in figure 4 aand b, in termsof 
annual number of hours of UDI-s, UDI-a and UDI-e, associated with different design options. The 
reference flat façade provides the largest number of hours of UDI-e per annum, where the illuminance 
level exceeds the upper desirable level of 2500lux(over some 350 hours per annum at reference point 1), 
and the largest number of annual autonomous hoursof useful daylighting - UDI-a (Fig. 4c). 
The results also indicate that configurations with STPV, or a percentage of transparency on the UPs, 
would give larger number of UDI-s than the reference case, and lower number of UDS-a. The overall 
useful daylighting hours (sum of UDI-s and UDI-a, Fig. 4c) of all configurations with a certain 
percentage of transparency within the UPs, is comparable to that of the reference case, ranging from 70% 
to 98% of the overall useful daylighting hours of the reference case. 
 
 (a) (b) 
(c) 
Figure 4, Annual hours of UDI , (a) at reference point 1, (b) at reference point 2, (c) Overall UDI at reference point 1 
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Daylight Distribution 
The average daylight illuminancefor the daylight hours of the SDD and WDD at all 100 studied 
points is plotted, for some of the studied configurations:flat façade (reference ‒ Fig. 5a-4h), S-C1(70°, 
15°), S-C5 (70°,15°) and S-C6(70°, 15°). Configurations S-C5 (70°, 15°) and S-C6(70°, 15°)display the 
effectof positioning the vision part in the upper plateon the distribution of lighting. The figuresshow that 
illumination for WDD is order of magnitudes higher than for SDD. This can be explained by the low sun 
position in winter, as well as by the shading control that is activated when the summer indoor temperature 
exceeds a set point of 22°. The flat façade and S-C6(70°, 15°) have better distribution of lighting for 
thesummer day than the other configurations. For the WDD, the flat façade would cause the occurrence of 
glare in the middle of the zone. All other configurations have more uniform illuminancedistribution. 
Configurations S-C5 (70°, 15) and S-C6(70°, 15°) allow deeper penetration of daylight, where uniform 
valuesof UDI-s and UDI-a are identified.  
 
 
 
(a) Flat façade-SDD 
 
(b) Flat façade- WDD 
 
(c) S-C1(70°, 15°) -SDD 
 
(d)S-C1(70°, 15°) -WDD 
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Figure 5, Averageilluminance (lux)distribution during the daylight hours of the SDD and WDD, at 100 points studies at the 
workplane level. 
Summary and Discussion 
This study compares the performance of curtain wallfacades of varying designs incorporating 
photovoltaics (opaque and semitransparent) onenergy performance and daylighting level and distribution 
for an apartment within amid-rise apartment building. Folded plate design with different orientation and 
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tilt angles of the plates are designed. Size and positioning of vision parts, and solar technologies (PV and 
STPV) are theparametersgoverning the response values.  
The results indicate that heating load is affected mainly by the degree of transparency (opening size 
and use of STPV). Larger openings (windows) size reduce heating load, due passive heat gain. Cooling 
load is not significantly affected. Electricity generation is significantly increasedwhen a folded-plate 
design of curtain wall is adopted. The design can increase generation by up to 280%, relative to the 
reference flat plate façade,depending on the design of the plates and the percentage ofopenings.  
Asymmetrical design of the plates allows larger upper plates for PV integration resulting in increased 
electricity production. The most advantageous folded plate configuration would be an asymmetrical 
design that combines a tilt of 60° and an orientation of 20° east and west from south. Installing a semi-
transparent PV system with a transparency of 20-30% would present a good compromise between 
reducing energyconsumption and increasing generation. This design enables to obtain a large number of 
annual useful daylight hours (ranging between 300 and 2500 lux), which is comparable to the flat façade, 
while reducing significantly the occurrence of glare. Another alternative of design is to install PV system 
on the upper panels, together with a vision part of 20-30% of the plates’ area. 
Implementing such folded plates curtain wall design presentsnumerous benefits for multistory 
buildings. Such design increases significantly the electricity generation potential of facades for buildings 
that have limited roof areas and it can be applied to retrofit existing buildings. The design would not 
affect the area and the perimeter of the building, especially if it is applied to the upper floors.  
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